Three new Cu(I) complexes containing bidentate N^N donor ligands with the general formula [Cu (N^N) 
Introduction
There has been much interest over the past two decades in emissive coordination complexes of the transition metal elements with a focus on their applications as photosensitizers in solarenergy conversion [1, 2] , in display devices [3] , in phototherapy [4] , as photo-catalysts [5] , and as dopants to increase the efficiency of organic light emitting diodes (OLED) [6] [7] [8] . In this regard, first row transition metal complexes are potentially useful, being considered inexpensive, being less toxic, displaying a greater ease of synthesis, and are more abundant when compared to the thirdrow noble metal complexes. In particular, copper(I) diimine complexes have been considered as potential substitutes for ruthenium(II) and osmium(II) systems. Pioneering work toward elucidation of the unique photophysical and photochemical properties of [Cu I (N^N) 2 ] + complexes has been reported by McMillin and co-workers over the last 35 years [9] [10] [11] [12] [13] [14] [15] . Owing to the significant similarities in absorption spectra and photophysical behavior there have been recent attempt to replace Ru(II) with Cu(I) diimine complexes in dye-sensitized solar cells (DSSCs) [16] [17] [18] [19] [20] . However, the efficiencies and stabilities of the devices based on [Cu I (N^N) 2 ] + dyes, to date, are still inferior when compared to those of the Ru(II) dye-based solar cells because the MLCT states of Cu(I) diimine complexes undergo pseudo Jahn-Teller distortions, with significant structural reorganization, that are solvent-dependent and so the 1 MLCT state lifetime can be influenced by the coordination geometry around Cu(I) center [20] . It is well known that the coordination chemistry of Cu(I) complexes is largely dependent on the electronic and steric effects of the coordinated ligands. In this context, ligands that can impose a tetrahedral or a pseudo-tetrahedral geometry on Cu(I) ions are interesting for a variety of reasons. This includes complexes that act as models for mononuclear Cu proteins [21] , and as labile complexes in the general study of the structure-property relationships http://dx.doi.org/10.1016/j.ica.2014.08.052 0020-1693/Ó 2014 Elsevier B.V. All rights reserved.
of transition metal complexes [22] . Because of the different geometries adopted by Cu(I) and Cu(II) complexes, their inter-conversion is accompanied by a pronounced structural change [21] . Moreover, the coordination geometry of these Cu complexes depends on the oxidation state of the Cu center. The Cu(I) (3d 10 ) complexes in the ground state have a tetrahedral (or near tetrahedral) coordination geometry, whereas the Cu(II) (3d 9 ) complexes in the MLCT excited state created upon photo-excitation prefer a more flattened tetrahedral (toward square planar) geometry with increased affinity for solvent ligation [23] [24] [25] . In this respect, Cu(I) complexes that contain heterocyclic diimine ligands have received more attention than other nitrogen-donor systems during the past few decades. However, studies of Cu(I) complexes with substituted 1,4,5,8-tetraazaphenanthrene (TAP) ligands, which show enhanced oxidizing properties compared to their phenanthroline counterparts are rare [26] . To date, there are only a few reports about the synthesis, characterization and properties of Cu(I)-tetraazaphenanthrene complexes [26] [27] [28] . In order to exploit the spectroscopic and structural properties of Cu(I) 1,4,5,8-tetraazaphenanthrene-based complexes, we report the synthesis and full characterization of three new Cu(I) complexes of the unsymmetrical 2,3,6,7-substituted-1,4,5,8-tetraazaphenanthrene ligands. To the best of our knowledge [29, 30] , this is the first report on synthesis, characterization, crystal structures, and computational studies of unsymmetrical tetraazaphenanthrene Cu(I) complexes.
Experimental

Materials, methods and instrumentation
All reagents were purchased from Aldrich and used as received. All solvents were reagent grade and purified by standard techniques where required. Commercially available [Cu(CH 3 CN) 4 ][PF 6 ] was used as received. The 2,3,6,7-substituted-1,4,5,8-tetraazaphenanthrene ligands (Scheme 1) were synthesized based on the literature method [28] . Infrared spectra in the region of 4000-400 cm
À1
were recorded in KBr discs with a Bruker IFD 25 FT-IR spectrophotometer. Mass spectra were recorded on a Varian MS-500, ElectroSpray Ionization Mass Spectrometry (ESI-MS). Electronic absorption spectra in dichloromethane solutions were measured with a CARY 5E spectrophotometer. The 1 H NMR spectra were recorded using Agilent Oxford 400 MHz spectrometer in CDCl 3 with tetramethylsilane (TMS) as an internal standard. The preparation of all the Cu(I) complexes (Scheme 1) has been achieved using literature methods [31] . Because of the insolubility of complex 3 in common organic solvents only CHN, IR, ESI-Mass and crystal structure data are reported in the experimental section. Table 2 Selected bond lengths and angles.
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Crystal structure analysis
Single crystals of 1 and 2 suitable for X-ray diffraction analysis, were grown by slow evaporation of the solutions of the complexes dissolved in a mixture (1/1) of dichloromethane and ethanol. In case of complex 3, the suitable single crystals were obtained directly from the reaction mixture by addition of ethanol to the dichloromethane solution by slow evaporation. X-ray intensity data were collected using the full sphere routine by u and x scans strategy on the Agilent SuperNova dual wavelength CCD diffractometer with graphite monochromated Mo Ka radiation (k = 0.71073 Å A 0 ) for 1 and Cu Ka radiation (k = 1.54184 Å A 0 ) for 2 and 3. For all data collections the crystals were cooled to 100 K using an Oxford Diffraction Cryojet low-temperature attachment. The data reduction, including an empirical absorption correction using spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm [32] , was performed using the CrysAlisPro software package [33] . The crystal structures were solved by direct methods using the online version of AuthoChem 2.0 in conjunction with OLEX2 [34] suite of programs implemented in the CrysAlis software, and refined by full-matrix least-squares (SHELXL-97) [35] on F 2 . The non-hydrogen atoms were refined anisotropically. All of the hydrogen atoms were positioned geometrically in idealized positions and refined with the riding model approximation, with U iso (-H) = 1.2 or 1.5 U eq (C). For the molecular graphics the program SHEL-XTL [35] was used. The crystal structure of 1 showed some solvent accessible voids (100 Å A
). The contribution to the diffraction pattern of solvent molecules of crystallization in 1 could not be rigorously included in the model, and these were consequently removed with the SQUEEZE routine of PLATON [36] . In complex 1, the largest peak (2.27 e Å A 0
À3
) is located 0.87 Å A 0 from atom P1. The crystal of 3 was a non-merohedral twin with a refined BASF ratio of 0.384(1)/0.616(1). All geometric calculations were carried out using the PLATON software. The degree of filling of the coordination sphere (G parameter) by the ligands in complexes 1-3 was calculated using the Solid-G program [37] , in order to obtain more information about the steric hindrance around metal atom, and 
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compare to some 2,9-disubstituted phenanthroline-based Cu(I) complexes.
Computational details
For the ground state electronic structure calculations the DFT method with the Becke [38] three parameter hybrid functional and Lee-Yang-Parr's [39] gradient corrected correlation functional (B3LYP) was used. The calculations were performed with the GAUSS-IAN03 (G03) [40] program. The Stuttgart-Dresden (SDD) [41, 42] basis set and effective core potential (ECP) were used for the Cu atom and the 6-31G ⁄ (five pure d functions) basis sets were used for all other atoms. Since solvent effects play an important role in the electronic structure of the Cu complexes, the conductor-like polarizable continuum model method (CPCM) [43] [44] [45] with dichloromethane as solvent was used to calculate the electronic structure and the excited states of the complex in solution. Timedependent density functional theory (TDDFT) [42, 46] calculations have provided excitation energies of the Cu complexes that agree with experiments. From the singlet ground state, optimized in the gas phase, 60 singlet excited states and the corresponding oscillator strengths have been determined with a TDDFT calculation using GAUSSIAN03. The TDDFT calculation does not provide the electronic structures of the excited states; however, the electronic distribution and the localization of the singlet excited states may be visualized using the electron density difference maps (EDDMs) [47] . GaussSum 2.2 [48] was used for EDDMs calculations and for the electronic spectrum simulation.
Results and discussion
Characterization
The homoleptic complexes 1-3 formed immediately after mixing the solution of [Cu(CH 3 CN) 4 ]PF 6 and the corresponding ligands , displayed two strong bands at 836 and 557 cm À1 for both 1 and 2 and at 840 and 556 cm À1 for 3 that can be attributed to the hexafluoridophosphate anion [51] . The electronic absorption spectra of complexes 1 and 2, recorded in CH 2 Cl 2 solution in the range 250-600 nm (Fig. 1) , have similar Fig. 3 . The molecular structure of complex 2, with displacement ellipsoids at 50% probability and atom numbering scheme (the PF 6 À anions were omitted for clarity).
features with a main absorption peak at 388 and 405 nm, respectively, that can be attributed to mixed metal-to-ligand charge transfer (MLCT) and p ? p ⁄ transitions [52] [53] [54] . The higher energy region is dominated by an intense UV band at 275 nm for 1 and 2 which is assigned to p ? p ⁄ ligand-centered (LC) transitions. A shoulder on the red side of the absorption maximum has been assigned to low-lying MLCT transitions. The shoulder arises when either static or dynamic flattening distortion induces D 2d to D 2 symmetry transformation as reported previously [55] [56] [57] . According to the previous theoretical calculations (DFT) [56] , the MLCT excited state flattening from the pseudo D 2d to D 2 symmetry effectively splits the nearly degenerate Cu 3d xz and 3d yz HOMO orbitals. These changes in 3d MO energy levels translate into an increased energy splitting between the two observed 1 MLCT transitions that involve them, leading to a red-shift of the low-energy shoulder and a blue-shift of the main MLCT absorption peak. Fig. 4 . The molecular structure of complex 3, with displacement ellipsoids at 50% probability and atom numbering scheme (the PF 6 À anion was omitted for clarity). Table 6 Key geometric and steric parameters of complexes 1-3. 
X-ray crystal structures
Solid-state structural determination by single-crystal X-ray diffraction was performed on complexes 1-3. The crystallographic data and structural refinement parameters are summarized in Table 1 . Selected bond lengths and angles are listed in Table 2 . The details of intra-and intermolecular hydrogen bonding and C-H . . . p interactions are listed in Table 3 
F hydrogen bonds involving the aromatic C-H groups and the neighboring PF 6
À anions. These interactions make an aggregation of cations and anions into a one-dimensional chain along the a-axis (Fig. S10) . Obviously, the geometric and steric characteristics of the complexes would be determined by the whole set of ligands incorporated in the coordination sphere. The degree of shielding of the central metal ion can serve as a measure of ligand-ligand noncovalent interactions. Therefore, in order to obtain a better understanding of the steric hindrance exerted by the coordinated ligands around the metal ion, the degree of filling of the coordination sphere by the tetraazaphenanthrene ligands in complexes 1-3 was calculated using the solid-G program considering the ligandligand overlap. The key geometric and steric parameters related to solid-G angle are summarized in Table 6 and are compared to some bis(2,9-disubstitutedphenanthroline) Cu(I) complexes.
Computational studies
Electronic structure
Since the observed differences in the chemical and physical properties of the complexes rely firstly on the changes in the ground-state electronic structure, we will discuss these features in detail with an emphasis on the frontier orbital components and HOMO-LUMO energy gaps. Selected important frontiers molecular orbitals for complexes 1-3 are depicted in Fig. 5 . The data for the composition of the most important occupied and virtual orbitals and the atomic orbital contributions for each complex (%) are listed in Table 7 . In the frontier region, neighboring orbitals are often closely spaced. In such cases, consideration of only the HOMO and LUMO may not yield a realistic description. For this reason, density of states (DOS) diagrams, which incorporate a degree of overlap between the curves convoluted from neighboring energy levels, can give a more representative picture. The density of states of 1-3 plotted as a function of orbital energy (eV) (Figs. S11-S13 ). Each complex is divided to three parts: the metal atom (Cu) and the two coordinated tetraazaphenanthrene ligands. Each part of the percentage contributions are the sum of the atomic orbital coefficient squares. As shown in Fig. 5 , the highest occupied orbitals in all complexes have predominant metal Cu d character i.e., 69%, 53%, and 60% in HOMO for 1-3, respectively. The LUMO orbitals are primarily localized on the ligands, but not symmetrically as found previously in other complexes [61] [62] [63] [64] . For complexes 1-3, the contribution for one ligand is $92%, 91%, and 78% and for the other one is 5%, 7%, and 19%, respectively, and the remaining small contribution is distributed on the metal. Some lower-energy occupied MOs (HOMOÀ1 for 1, HOMOÀ1 and HOMOÀ3 for 2, and HOMOÀ3 for 3) still have significant metal character, but the contributions from the ligands increases. In contrast, the five lowest 
Calculated electronic absorption spectra
TD-DFT computations were performed to predict the electronic transition energies and intensities of the 60 lowest energy singlet transitions of the complexes. Selected low lying singlet excited states together with their vertical excitation energies, oscillator strengths and assignment for the complexes are displayed in Table 8 . An experimental model for an excited state corresponds to the excitation of an electron from an occupied to a virtual molecular orbital (i.e., a one-electron picture). However, the excited states calculated herein demonstrate that excited-state electronic structures are best described in terms of multi-configurations, wherein a linear combination of several occupied-to-virtual MO excitations comprises a given optical transition. Assignment of the character of each excited state was based on the compositions of the occupied and virtual MOs of the dominant configuration(s) for that excited state. In principle, excited states that arise from transitions between orbitals that are located on different moieties are classified as charge transfer (CT) excited states.
Those from p-occupied to p-unoccupied orbitals located on the same ligand are described as intra-ligand p-p ⁄ states (IL), but those from orbitals on different ligands are described as ligand-to-ligand charge transfer (LLCT) states. Metal-to-ligand charge transfer (MLCT) states involve transitions from the metal atom to ligandcentered orbitals which is very well-known in case of Cu(I) complexes with ligands having extended p systems. The results from the TDDFT calculations agree with the experimental data for complexes 1 and 2 which are shown in supplementary materials (Fig. S14) . Because of the insolubility of complex 3 in common organic solvents we were not able to record UV-Vis spectrum to compare with the theoretical calculations, therefore, only the calculated spectrum was reported and assigned. Electron density difference maps (EDDMs) derived from the TD-DFT calculations were used to show the electron density changes between the ground and excited states upon different electronic excitations. It represents a way for visualizing the electronic distribution, for which one can subtract the ground-state electron density (S 0 ) from the Franck-Condon electron density of the excited state, thereby providing a picture of the redistribution of the electron density after the vertical transition from the ground-state to any of the Franck-Condon excited states. Visualization of these difference density plots can provide an insight into the subsequent geometric changes occurring on the excited-state potential energy surface [65, 66] , and to determine what type of excitation is occurring. The EDDMs for the calculated MLCT transitions of complexes 1-3 are shown in Fig. 6 . As expected, that the lower energy bands in the experimental spectrum arise from transitions that are mainly metal-to-ligand charge transfer (MLCT) in nature, while the higher-energy bands are due to transitions that involve ligand pp ⁄ excitations. The majority of the excited states in this study consist of more than one transition.
The TDDFT calculations for 1 suggest an MLCT transition at 514 nm (f = 0.051, the shoulder at lower-energy visible region) made up of HOMOÀ1 ? LUMO, HOMOÀ1 ? LUMO+1, and HOMO ? LUMO, in which the HOMOÀ1 and HOMO are mainly metal-based and the LUMO is ligand-based; in essence, this is describing an MLCT transition that is mostly delocalized on one of the coordinated TAP ligands which is in agreement to the experimental data. There is another peak at the edge of UV and visible regions at 407 nm (f = 0.435) made up of HOMOÀ6 ? LUMO+1, HOMOÀ3 ? LUMO, HOMOÀ2 ? LUMO which show mixed character of intra-ligand (IL) and MLCT transitions and the last peak in high energy region (321 nm, f = 0.03) with underestimated oscillator strength comparing to the large experimental molar extinction coefficient of this transition in the UV-Vis spectrum of the complex shows typical p ? p ⁄ transition in nature. Complex 2 shows the same behavior as 1 with a shoulder at lower-energy visible region (521 nm, f = 0.056) which is mainly MLCT transition, a second in the high-energy visible region (407 nm, f = 0.028) which has mixed character of IL and MLCT transitions and the third (276 nm, f = 0.1) in the UV region and is assigned as a p ? p ⁄ transition. The mixed character of IL and MLCT transitions in complex 2 is more pronounced than 1 and 3 due to the substituted hetero-aromatic ring on the coordinated ligands. The interesting feature of the theoretical and experimental UV-Vis spectra of complex 2 is the red-shift of the spectra by introducing heteroaromatic groups on ancillary ligands which is in agreement to the previous study [64] . Since 3 was not soluble in common organic solvents we were not able to compare the theoretical calculation with the experimental results but it shows the same behavior of 1 and 2, at least in theory. The second absorption band in 2 and 3 shows a mixed MLCT and p ? p ⁄ characters which are in agreement to the previously reported theoretical calculations of the Cu(I)-substituted heterocyclic diimine complexes [63] [64] [65] .
Conclusions
In this paper, for the first time, we report the synthesis of three new Cu(I) complexes bearing unsymmetrical tetraazaphenanthrene ligands. The molecular structures of the complexes are characterized by single-crystal X-ray diffraction and the four- . . . p interactions between the aromatic ring moieties on the geometry around Cu(I) center. The use of DFT and TDDFT calculations was fundamental in elucidating the properties of the complexes in their electronic structures and their excited states. DFT calculations show that the HOMO is located on the metal and LUMO has ligand-based orbitals character in which each molecular orbital has been broken down in terms of a percentage contribution from the metal center, and the tetraazaphenanthrene ligands and visualized by density of states (DOS) spectrum which gives a better overview of the nature of the frontier orbitals, especially when neighboring orbitals are closely spaced. Also, TDDFT calculations are capable of describing the spectral features of our investigated complexes and the lowestenergy absorption spectra are dominant MLCT transitions which were confirmed by the results from electron density difference maps (EDDMs).
